Introduction
In recent years, the exploitation of features related to the modulation of the human neuroelectrical activity during the performance of cognitive tasks facilitated the birth of new applications that are no longer connected with their mere clinical use. In particular, the fact that motor imagery leads to a stable modification of the electroencephalographic (EEG) activity across the alpha and beta bands (8) (9) (10) (11) (12) (13) , known as sensorimotor rhythm [25] , paved the way to the possibility to instruct a computer for the automatic recognition of such features. Later results gave the birth to an area of research known as brain-computer interface (BCI; for a review see [14] ). Since then, scientists have designed BCIs to control different mechanical and electronic devices in response to voluntary modification of brain activity [14] , mainly for clinical applications [16, 23, 26, 27, 33] .
Recently, the usage of BCI technologies has spread in other non-clinical contexts, such as to drive cars for a limited time period or to command robotic devices testifies [29] . In this regard, Cao et al. [5] proposed a hybrid BCI system [1, 25, 34] combining motor imagery features and steady-state visual-evoked potentials to synchronously control the movement of a wheelchair. Moreover, Koo et al. [18] designed an analysis method that detects the occurrence of a motor imagery with an Abstract Brain-computer interfaces (BCIs) are widely used for clinical applications and exploited to design robotic and interactive systems for healthy people. We provide evidence to control a sensorimotor electroencephalographic (EEG) BCI system while piloting a flight simulator and attending a double attentional task simultaneously. Ten healthy subjects were trained to learn how to manage a flight simulator, use the BCI system, and answer to the attentional tasks independently. Afterward, the EEG activity was collected during a first flight where subjects were required to concurrently use the BCI, and a second flight where they were required to simultaneously use the BCI and answer to the attentional tasks. Results showed that the concurrent use of the BCI system during the flight simulation does not affect the flight performances. However, BCI performances decrease from the 83 to 63 % while attending additional alertness and vigilance tasks. This work shows that it is possible to successfully control a BCI system during the execution of multiple tasks such as piloting a flight simulator with an extra cognitive load induced by attentional tasks. Such framework aims to foster the knowledge on BCI systems embedded into vehicles and robotic Giovanni Vecchiato and Gianluca Borghini have contributed equally to this work.
near-infrared spectroscopy (NIRS) system and classifies its type through an EEG system. Despite its limits in transfer rate, BCI technology gains interest for the fact that allows to ecologically interact with the next generation of electronic devices and limb prosthesis [9] . In such a context, Looned et al. [22] successfully tested a wearable and portable system consisting of a robotic arm orthosis, a functional electrical stimulation (FES) system, and a wireless BCI able to process EEG signals and translate them into motions for a drinking task. A commercial robotic gait orthosis system was interfaced with a BCI to allow ambulation [12] . Finally, BCI systems were also developed to provide a useful tool for everyday life activities such as sending emails [38, 39] . Therefore, we are assisting to the effort to transfer BCI technology beyond the laboratory [21] , also thanks to the capabilities of modern EEG-BCI systems to work in mobile conditions [19] .
Nevertheless, before to extensively apply BCIs to the current technology, there is the need to demonstrate that they can be easily handled concurrently to the execution of additional tasks. In this field, there are already evidences that it is possible to speak and perform other cognitively engaging activities with only a minor drop in BCI control performance [13] .
In order to partially address this question, the present study was drawn in order to test the possibility to manage a BCI during attentional efforts, such as piloting a flight simulator and attending alertness and vigilance tasks. In other words, the experimental question we posed is the following: Is it possible to efficiently operate a primary task (e.g., to pilot a simulated airplane) and concurrently manage a BCI device?
To investigate such issue, we enrolled a group of 10 healthy subjects in an experiment requiring the use of a flight simulator, while they were simultaneously (1) generating a Morse code sequence implemented with a BCI exploiting the modulation of the EEG sensorimotor rhythm, and (2) accomplishing alertness and vigilance attentional tasks, concurrently attended with flight simulator and BCI tasks. Both flights and BCI performances are compared during the execution of such multiple tasks.
This experiment aims to evaluate the deterioration of flight performance during the accomplishment of a BCI task. Results suggest the feasibility to accomplish BCIoperated task concurrently with primary (piloting) and additional (attentional) tasks. The adopted experimental framework could be of interest from an aeronautical perspective because in the near-future pilots could operate with a BCI for the execution of a simple task, such as to silently communicate with the control tower, concurrently with their normal airplane management.
Methods

Subjects
Ten healthy subjects (22-26 years, all right handed) were recruited for this experiment. They were prohibited to drink alcohol and to have heavy meals the day of the measurements. Experimental instructions were provided during a meeting before the recording session. All subjects gave their informed consent, and the experiment was conducted according to the Declaration of Helsinki and under the permission of the Ethical Committee of the Sapienza University of Rome.
Experimental setup
The whole experiment was accomplished at three different temporal stages as depicted in Fig. 1 and described as follows. All the enrolled subjects succeeded a full training within a week, separately for three tasks, and mastered each of them in a single mode. The following list describes the three different stages of the whole experiment, whereas the specific subtasks are described in the next sections:
1. Training: The training period consisted in five consecutive days in which subjects were asked to familiarize with Microsoft Flight Simulator X (FSX), BCI, and attentional tasks of alertness and vigilance (TAV), respectively. Specifically, all subjects spent around 1 h/ day learning to pilot the simulated airplane, 40 min/ day to improve their BCI skills, and around 15 min/day to answer to the attentional tasks. At the end of these days, we hypothesized that each task performance Fig. 1 Schema of the whole experimental setup. The first stage consists in a training week in which subjects are asked to familiarize with BCI, FSX, and TAV tasks in order to achieve the required skills (Training). At a later stage, subjects were asked to perform the FSX task in which the BCI has been simultaneously accomplished during the cruise phase (Flight 1). Finally, subjects were demanded to attend the TAV in addition to FSX and BCI (Flight 2). In both Flight 1 and Flight 2, the BCI task was attended during the only cruise phase 1 3
could reach a plateau level. All tasks are deeper illustrated in the next section. 2. Flight 1: The first flight consisted in piloting an airplane with FSX to accomplish a mission composed by three main phases (take-off, cruise, and landing). During the cruise phase, subjects were invited to concurrently attend the BCI task. At this stage, subjects were required to give priority to the FSX task. 3. Flight 2: The second flight consisted in performing the same mission as Flight 1 but with the additional TAV to be completed in parallel during the whole flight. At this stage, during the cruise phase, BCI and TAV tasks were performed simultaneously. Subjects were required to give priority, in order, to the FSX task and the BCI system. Flight 2 was accomplished after Flight 1, in the same day.
Flight simulation
This task consisted in piloting an airplane with the FSX. Such software is the standard software used for training pilots on ground at civil air clubs. Subjects' duty during the flight task was to maintain the airplane along a scheduled route, following a precise profile of altitude as required by the experimenter. Specifically, this task was designed to divide the whole route in several segments comprising change of altitude and direction, as well as perturbations, and a cruise phase located in the middle of the flight. In this phase, subjects were required to maintain altitude and direction with slight movements of the joystick. No perturbation was added in this phase. Software development kit (SDK) running in parallel with the flight simulator returned the profile of altitude of the airplane to later quantify the degree of accuracy of the performed task. Requirements for succeeding the FSX training were that subjects had to accomplish the flight mission without errors of altitude, following the proposed flight profile given by the experimenter. Root-mean-square errors (RMSEs) of the altitude profile were compared by a repeated-measure ANOVA with factors FLIGHT (1, 2) and PHASE (take-off, cruise, landing) at statistical significance of p = 0.05. Duncan's test was performed to minimize statistical type I errors.
Generation of a Morse code with BCI
The BCI task consisted in moving up or down a bar on a screen by the sensorimotor rhythm modulation. The movement of the bar on the screen was needed to hit an upper or lower target that the computer successively encoded as a dot or a dash, symbols of the international Morse code [6] . In this way, the subjects moving the bar generated the sequence of required dots and dashes which were interpreted as Morse code. Such code was a 30 balanced symbols sequence, 15 points and 15 lines, and it was based on a traditional radio communication code (CQ SOS CU).
In performing this task, subjects were comfortably seated with their upper limbs resting on the legs, while were instructed by a visual cue to perform a kinesthetic type of motor imagery of their hands grasping and feet flexure [8] . The recording session comprised four runs in which the motor imagery of the hands and feet sustained for 4 s. Each run consisted of 30 trials (8 s each), equally divided between randomly presented hands and feet trials. The hand movement imagination shifted the bar up, while the feet movement imagination shifted the bar down. The visual cue was presented using dedicated software, i.e., BCI2000 [30] , which was synchronized with the EEG amplifiers. EEG features were selected according to the criterion described in a previous work [8] . Subjects became trained to the BCI task when they reached an average accuracy of 80 % in generating the Morse code. We decided to insert the BCI task only during the cruise phase to not make the paradigm too demanding for the subjects. As first investigation of such kind, we found interesting to evaluate the capability to command a BCI system and hence measure its performance only in the cruise phase without taking into account possible perturbations and trajectory changes. However, further investigation could explore BCI skills in more complex operations. 
Tasks of alertness and vigilance
The TAV task is composed by two separate subtasks which were performed in parallel by the subjects during the experiment. Therefore, during Flight 2, subjects were required to attend four distinct activities, i.e., FSX, BCI, alertness, and vigilance tasks. The TAV consisted in a visual alertness and an auditory vigilance task running in parallel, which are briefly described in the following paragraphs [20, 24, 32] , provided by the Italian version of the TAP software [40] . These tasks are carried out concurrently and independently since the targets are generated according to different random variables. There are no times when responses of these two tasks were required at the same time.
Alertness task
Alertness represents the capability to enhance response readiness following a warning stimulus. Typical tasks for the assessment of phasic alertness are simple reaction time paradigms with and without presentation of a warning signal preceding the target stimulus [20] . The alertness task we used consisted in pressing a button every time an X is showed on the screen within a time window uniformly distributed between 1800 and 2700 ms. The subject had 1500 ms for pressing the correct button (number 1) as soon as possible. The reaction times were evaluated as Anticipation, Correctness, Delay, and Omission according to the latency from the stimulus. Figure 2 proposes the time frame of the alertness task. The target is represented by the stimulus showed on the screen, and the subject could answer to it with different reaction times. Anticipation means that the subject pressed the button before the presentation of the stimulus around a Δ time interval estimated around 350-500 ms. Correctness corresponds to a timely reaction within the interval lasting from the presentation of the X to 1500 ms after. Otherwise, the answer was classified as Delay. If the reaction time exceeded 2000 ms, the trial was classified as Omission. Figure 2 shows the representation of the different kinds of answers to the alertness task.
Vigilance task
Vigilance requires the subject to stay alert for a prolonged period of time in order to detect relevant but very infrequent stimuli, which appear at irregular intervals during the task [20] . This task consisted in the identification of two consecutive acoustic frequencies: If two consecutive tones are equal, the subject had to press the button number 2, no response is required if the two tones are different. The goal of the vigilance task was to answer once identified the correct target sequence and before the hearing of the following tone. In term of time window, the inter-stimulus interval was of 2000 ms. Thus, a response after this time interval was collected as Delay, Omission if there was no answer, and Error if the response occurred when two consecutive tones were different. Figure 3 shows an example of a tones sequence and different kinds of responses related to different reaction times.
Subjects were considered trained when the accuracy of the answer to both auditory and visual stimuli was superior to 95 %. Reaction times (RT) and error rates (ER) were calculated and compared by paired Student's t test at α = 0.05. The normality of the variables was tested via Sha- 
EEG recordings and signal processing
Subjects sat in front of three computer screens showing the feedbacks related to each one of the aforementioned tasks (FSX, BCI, TAV). They were comfortably seated on The EEG activity was recorded by means of a 64 channels Brain Vision Recorder system (BrainAmp, Brainproducts GmbH, Germany) disposed according to the 10-20 International System, with a sampling rate of 250 Hz. All the electrodes were referenced to both earlobes, and the impedances were maintained below 10 kΩ. A 50-Hz notch filter was applied to remove power interference. The EEG data were off-line band-pass-filtered (low pass: 45 Hz, high pass: 1 Hz), and then the independent component analysis (ICA) was used in order to remove components due to eye movements. Such components were detected by eye inspection. The whole dataset was segmented into 1-s trials. Muscular artifacts were detected and removed with a semiautomatic procedure provided by EEGLAB [10] . Only artifact-free trials were considered for the following analysis. The extra-cerebrally referred EEG signals were transformed by means of the common average reference (CAR). The individual alpha frequency (IAF) was calculated for each subject in order to define the bands of interest according to the method suggested in literature [17] : For each trial, we automatically detected the highest peak across parietal and occipital electrodes within a frequency window ranging from f1 = 7 to f2 = 14 Hz and noted the peak frequency (IAF). Alternatively, we calculated the gravity frequency which is defined as the weighted sum of spectral estimates, divided by alpha power and multiplied by the power spectral estimate at frequency: (Σ(a(f) × f))/ (Σa(f)) × a(f). Summation ranges from f1 to f2. The gravity frequency is more appropriate when multiple peaks are detected in the alpha range. Bands of interest were in the following reported as IAF + x, where IAF is the individual alpha frequency, in Hertz, and x is an integer displacement in the frequency domain which is employed to define the bands. In particular we defined the following two frequency bands: Theta (IAF-6, IAF-2), i.e., Theta ranges between IAF-6 and IAF-2 Hz, and alpha (IAF-2, IAF + 2).
The cortical activity and the related statistical power spectral density (PSD) maps were estimated through the methodology widely described in previous works [2, 36] . Therefore, we computed spectral z-score variables in the frequency bands of interests which were compared by means of paired Student's t test. The variance for the z-score calculation was computed for each condition independently. The false discovery rate (FDR) procedure [3, 37] was adopted as protection against false positives due to the multiple statistical comparisons. To improve the normality properties of the PSD datasets, all variables were transformed into normal distributions [35] . 
Results
At the end of the training week, the performances of the BCI, FSX, and TAV tasks reached a plateau, showed in Fig. 5 , allowing us to exclude possible order effect among Training, Flight 1, and Flight 2 due to a learning process. Figure 7 reports average reaction times and error rates related to the alertness and vigilance tasks performed by the subjects during Flight 2. From the picture, it is possible to appreciate that the alertness task was performed with a higher degree of accuracy than the vigilance task (requiring the engage of the auditory system). In fact, differences between alertness and vigilance tasks, in terms of reaction times and error rates, are both statistically significant to the paired t test (p = 0.00). Therefore, subjects performed the alertness task faster and with higher accuracy.
BCI performances
Errors during TAV
FSX errors
The RMSEs between the required altitude during the flight phases and the actual values of the simulated flight were computed during Flight 1 and Flight 2. Figure 8 presents averages and standard deviations of the RMSE estimations across the take-off, cruise, and landing phases in the two stages. The statistical comparisons between the average RMSE levels, as performed by a repeated-measures ANOVA, returned statistically significant differences for factor PHASE [F(2,18) = 20.29, p = 0.00, η 2 = 0.69], while Factor FLIGHT [F(1,9) = 0.20, p = 0.66, η 2 = 0.01] and FLIGHT × PHASE [F(2,18) = 0.27, p = 0.76, η 2 = 0.02] are not significant. Pairwise comparisons related to the within-factor PHASE returned that the RMSE during take-off was significantly higher than cruise (p = 0.00) and landing (p = 0.00). The RMSE difference during the cruise phase was Flight 1 − Flight 2 = −0.04. Fig. 7 Mean and standard deviation of reaction time (left) and error rate (right) related to the accomplishment of alertness and vigilance tasks during Flight 2. Both differences are statistically significant (paired Student's t test, p < 0.01) Fig. 8 Mean and standard deviations levels of RMSE assessing differences of altitude across experimental conditions. On the x-axis, there are the acronyms of the flight phases, on the y-axis there is the level of the estimated RMSE for each condition. Blue columns represent the value of RMSE for Flight 1, whereas the red columns indicate the RMSE of the simulated aircraft during the Flight 2. Asterisks indicate statistically significant pairwise comparisons returned by the repeated-measures ANOVA (Phase: take-off > cruise; take-off > landing. p < 0.05, Duncan-corrected) (color figure online)
Statistical cortical PSD maps
The cortical activity was estimated for all the participants during the cruise phase of Flight 1 and Flight 2. Different views of the statistical cortical maps (p < 0.05, FDR corrected) in the theta band are represented in Fig. 9 . In particular, the statistical maps of the difference between the PSD activity during Flight 1 and Flight 2 sessions were generated. The significant synchronization of theta rhythm related to Flight 2 relates to an increase in information processing. They concern the theta rhythm modulation during the cruise phase in which subjects performed the BCI task. The cortical activity related to Flight 2 was greater than the one related to Flight 1 signifying that the mental workload during the simultaneous execution of the three tasks (FSX + BCI + TAV) was higher than the condition without the TAV (FSX + BCI only). However, the generation of the Morse code was still successfully achieved in Flight 2. In addition, during the cruise phase, a suppression of parietal alpha activity (not showed here) was noted and positively correlated with an increase of cognitive processes.
Discussion
With the present experiment, we investigated the possibility to perform a BCI task concurrently with the achievement of other duties. For instance, in the aeronautic field, the analysis of primary and secondary tasks is currently employed to quantify the degree of the perceived workload. Here, we would like to give an answer related to the issue to efficiently operate a primary task (e.g., to pilot a simulated airplane) and concurrently handle a BCI device. In addition, we increased the difficulty of the task by inserting an additional third demand that had to be performed jointly with the flight simulation and the voluntary sensorimotor rhythm modulation. These additional attention-related tasks required adequate keystrokes when a specific sound or visual target was presented. At this experimental stage, subjects were required to pay attention and to answer as soon as possible to two kinds of stimuli, visual and acoustical cues, with the aim to evaluate the degradation of alertness and vigilance performances. The interest in this case was to understand the impact of the cognitive resources depletion during the simultaneous aircraft flight and the BCI Morse code generation.
Results provided in this paper suggest that it is possible to use a BCI device and simultaneously manage other operational tasks, as maintaining the cruise level of a simulated airplane and/or responding to a series of external incoming stimuli (as simulated by the TAV). Of course, the drop of accuracy related to the BCI task when performed jointly with the flight simulation is quite evident, decreasing from 82 to 63 %. However, these results might suggest that very skilled people could have the capabilities to use the BCI technology during their day life activities. For instance, they could communicate with others without using verbal conversation but using instead a series of codified messages. In addition, it is important that the performance of the primary task (e.g., the piloting of the simulated airplane) does not decrease significantly when subjects are performing the concurrent secondary tasks (BCI + TAV), as the variations on the RMSE described. However, this happens at the expenses of an increased cognitive workload, as described by the increment in cortical PSD activity in theta band.
Performance analysis revealed impairments mostly in the auditory task. According to the assigned priorities, during Flight 2, the visual channel is engaged with three tasks (higher priority), whereas the auditory channel is involved in a single vigilance task (lower priority). In this case, subjects allocated a larger amount of resources for the visual channel by attending the FSX and the BCI system (with the highest priorities) and then focused on the alertness task. However, the alertness and vigilance tasks had the same priority. We cannot specifically determine the cause of this drop of performance for the auditory task. To answer to such question, we should balance the experiment providing also an alertness auditory and a vigilance visual task. However, this was out of the scope of this research.
The cerebral activity revealed that cognitive processing of the alertness and vigilance tasks were affected by multiple task performance, as already reported in literature [15] . According to score differences, the results related to the TAV task suggests as the peripheral visual activity could be superior to the attention posed on the auditory channel. Moreover, under conditions of higher additional load in Flight 2, cognitive resources may be required for attending multiple tasks [31] . Cognitive load increased with the level of difficulty during the execution of multiple tasks. EEG measures correlated with both subjective and objective performance metrics. These results are in line with a previous work reporting that EEG engagement reflects information-gathering, visual processing, and allocation of attention [4] .
Overall, the present experiment shows that it is possible to use a BCI system when concurrently managing a flight simulator. Although such result was achieved in a laboratory setup, we hypothesize that this technology could be an advantage in real-world situation. For instance, it could be applied in several situations in which the visual channel is fully engaged but at the same time there is the need to accomplish some additional tasks. In such a case, the information could be delivered also by means of other sensory inputs, such as the auditory or tactile channels, and the answer provided through a BCI system. Today, the usefulness to adopt BCI systems for these purposes could be debated due to their moderate invasiveness and costs. In fact, BCI systems are usually set up with a cap and several electrodes to be precisely located on scalp areas, along with their specific hardware and software needed for a proper functioning. However, in the near future, the technology will provide less invasive hardware with a few non-contact sensors and at that time the advantage to use BCI systems will sensibly increase [7] . Finally, another big advantage in terms of throughput is given by the exploitation of additional motor channels and neurophysiological features to carry out the secondary BCI tasks more accurately and faster, as the hybrid BCI technology testifies [11, 28] .
This experiment investigates the relationship between behavioral performance and cerebral activity providing evidence about the accomplishment of continuous multiple tasks. Results suggest that it is possible to use a BCI concurrently while piloting a flight simulator, without markedly affecting the performance of both tasks. Such results could be exploited for a future creation of hybrid BCIs as additional technological features in vehicles for communication and control. The generated knowledge contributed to scientific literature in several research domains comprising the study of the impact of audiovisual stimuli on healthy subjects and cochlear-implanted patients, the estimation of the cerebral workload in aircraft pilots and car drivers, the usage of brain-computer interfaces for domotic applications. He worked in several national (Ministry of Defense) and international (FP7) projects and in the 2012 he was funded from the Province of
